INTRODUCTION
The visceral adipose tissue (VAT) surrounding the abdominal organs contributes to central obesity and has been described as an inflammatory endocrine organ associated with negative health consequences (1, 2) including elevated risk for cardiovascular disease and diabetes (3) . Subcutaneous adipose tissue (SAT) is not as strongly linked with metabolic disease (4); however, VAT/SAT ratio has been cited as a predictor of mortality and cardiac events independent of total VAT volume (5) . The distribution of fat stored in the VAT, SAT, and specific organ depots such as the liver, has a prognostic value superior to surrogate measures such as body mass index (BMI) or waist circumference (2) . It is therefore important to carefully consider the limitations and differences between current methods used to measure VAT and SAT storage depots.
Dual-energy X-ray absorptiometry (DXA), X-ray computed tomography (CT), and magnetic resonance imaging (MRI) are currently used for the noninvasive estimation of visceral fat. DXA is increasingly utilized in healthcare and nonclinical settings because it is a rapid, easy-to-use, inexpensive option when compared with other modalities (6) , and it accurately measures whole-body and visceral fat. DXA uses 2-dimensional projection data created by low energy, fan beam X-ray to create a model consisting of bone, adipose, and lean tissue compartments. VAT assessment via DXA has been previously validated (7) , but it is important to note that DXA VAT measurements may be spatially limited. For example, the Lunar iDXA system running Automated CoreScan TM software (GE, Madison, WI) estimates VAT from the iliac crest to 20% of the distance to the base of the skull by subtracting subcutaneous fat from total fat within that region (6, 8) . A significant portion of the upper abdomen is thereby excluded (8, 9) . VAT estimation by DXA is achieved by first detecting the thickness of SAT at the lateral periphery of the android region, and then applying an anthropometric model to estimate the total SAT compartment (9) . SAT is then subtracted from total fat within that region to estimate VAT. MRI has several advantages over DXA in quantification of abdominal fat (10) and is considered to be a reference standard (6) . VAT quantification by MRI is not spatially restricted, enabling imaging and quantification of fat in the entire abdomen. MRI is a cross-sectional tomographic imaging modality that has the ability to precisely distinguish fat depots throughout the body. MRI does not use ionizing radiation and can quantify the fractional fat content of liver, skeletal muscle, heart, and other organs (11, 12) .
Separation of fat depots into SAT and VAT alone may be an oversimplification, and MRI has the potential for differentiation of other abdominal fat depots. Fat within the abdomen and pelvis, excluding SAT, is more appropriately called intraabdominal adipose tissue (IAAT) (13, 14) . True VAT is only 1 component of IAAT that strictly includes only fat within the peritoneal cavity, while excluding retroperitoneal fat and any fat within the abdominal muscle wall, spinal fat, and intraorgan fat (14) . Retroperitoneal fat is of specific interest as it is exterior to the mesentery (15) and lacks portal classification (16) , but it is impossible to distinguish by DXA.
Comparisons of DXA with MRI (7, 17, 18) have previously shown that their VAT measurements are highly correlated (2, 6, 7, 15) . In addition, comparisons of DXA and MRI in which regions of interest (ROI) were anatomically matched (17, 19) have concluded that the modalities have a high level of agreement. SAT measurements by DXA and MRI conversely have not been as close in agreement (19) . There are inherent strengths and weaknesses associated with each modality, and several factors including cost, availability, radiation exposure, scan duration, and ability to provide additional relevant clinical information may provide guidance for the application of one over the other. This study examines the relationship between DXA and MRI quantification of VAT, SAT, and VAT/SAT ratio in a cohort of subjects including patients meeting the criteria for metabolic syndrome (MetSyn), as well as a Control group. Together, these subjects cover a wide range of adiposity. Complementary parameters including whole-body fat content by DXA, liver fat fraction by MRI, and incidental findings on MRI were also evaluated to illustrate the potential value of additional information that can be provided by each instrument.
METHODOLOGY Participant Characteristics
The study was approved by the local Biomedical Institutional Review Board, and written informed consent was obtained from all participants. Sixteen patients with MetSyn and 21 controls with no evidence of metabolic disease locally recruited for 2 independent diet intervention trials were used in this study. Baseline DXA and MRI measurements were taken before any dietary interventions. Subject characteristics including demographics, anthropometrics (height, weight, BMI, and waist circumference), blood pressure, and blood biomarkers (glucose, total cholesterol, HDL, LDL, and triglycerides) are listed in Table 1 .
A diagnosis of MetSyn was confirmed in all (n = 16) subjects in the MetSyn group based on the requirement (20) that at least 3 of the following 5 measures exceed categorical cut points: elevated waist circumference (>102 cm in men and >88 cm in women), elevated triglycerides (≥150 mg/dL), reduced HDL-C (<40 mg/dL in men <50 mg/dL in women), elevated blood pressure (systolic BP ≥ 135 and diastolic BP ≥ 85), and elevated fasting glucose (≥100 mg/dL) (20) . Although no participants in the Control cohort (n = 21) were classified as having MetSyn, 4 subjects met 1 criteria, and 6 met 2 criteria.
Dual-Energy X-Ray Absorptiometry
A single, whole-body DXA measurement was performed on each subject using a Lunar iDXA system. CoreScan TM (GE, Lunar, enCORE software version 14.10) calculated VAT and SAT mass in addition to whole-body fat percentage.
Magnetic Resonance Imaging
MetSyn patients were imaged on a 3 T scanner (MAGNETOM Tim Trio, Siemens Healthineers, Erlangen, Germany) and the controls on a 1.5 T scanner (MAGNETOM Avanto, Siemens Healthineers). The 2 cohorts were recruited for different research trials, and each trial used a different MRI scanner. Although this inconsistency should be noted, the technique used for fat quantification was identical on the 2 systems, and the results are not expected to be affected by field strength (21) .
The VARiable PROjection (VARPRO) pulse sequence (22) was used in both cohorts to generate the in-phase, out-ofphase, water, water percentage, fat, and fat percentage images that were used to measure abdominal fat volumes (VAT and SAT) and liver fat fraction. The VARPRO pulse sequence is a rapid scan technique that acquires 3D volumetric images covering the entire abdominal region in a single breath-hold and automatically generates the images required for fat-water separation. The VARPRO pulse sequence parameters used in each cohort are listed in Table 2 .
Selection of MRI Slices for Comparison With DXA
Although the MRI scan covered a length of 300-360 mm of the abdomen, VAT and SAT were quantified only in a subset of the acquired slices anatomically matched to the region analyzed by the DXA Automated CoreScan TM software. DXA calculated the fat distribution in the android region defined as 20% of the distance from the top of the iliac crests to the base of the skull (9) . Anatomical matching between DXA and MRI was achieved by using the spinal vertebrae as a reference; the vertebrae are visible in both DXA and MRI images as seen in Figure 1 . To match the anatomy used for analysis, first the coronal DXA projection was overlaid on the labeled coronal DXA vertebral X-ray image ( Figure 1A ). The positions of the upper and lower bounds of the android region automatically defined by the DXA software were noted with respect to the vertebrae ( Figure 1A) . These positions were then matched with the vertebrae visible in a sagittal MRI localizer image Figure 1 (B) to select the MRI slices matching the region analyzed by DXA ( Figure 1C ). This allowed a direct comparison of the abdominal fat measurements by the 2 modalities within the android region defined by DXA ( Figure 1 , D and E)). The selected ranges were then reviewed by a radiologist to confirm the accuracy. The MRI images acquired in the MetSyn cohort were also reviewed by a radiologist for incidental findings.
Semiautomatic Segmentation of Visceral and Subcutaneous Adipose Tissue
The DICOM MRI images were processed using a semiautomated, custom-built application programmed in MATLAB (The MathWorks, Inc, Natick, MA). The application automatically segments and quantifies VAT and SAT compartment volumes and includes tools for manual editing of the segmentation results. It should be noted that the algorithm does not specifically exclude spinal or retroperitoneal fat storage depots; these are included within VAT.
The following 4 image types were used during the segmentation process: fat percentage (FP), in-phase, water, and water percentage (WP). The semiautomated segmentation process comprised 4 steps as outlined in Figure 2 . First, in step 1 (Figure 2A ), thresholds of FP ≥ 50% and WP 50% were applied to the FP and WP images, respectively, on a pixelwise basis to define a binary fat mask. Standard morphological operators included with the MATLAB Image Processing Toolbox were applied to the fat mask to remove the arms and background air and to fill all pixels within the outer boundaries of the fat mask, thus defining the abdominal region. In step 2 ( Figure 2B ), the visceral mask was created by applying thresholds FP < 50%, WP > 40%, and water > 10 to all pixels within the previously defined abdominal region. All pixels with signal intensity 10 in the water image were eliminated because of their very low signals that most likely represented noise. This threshold eliminated $0.75% of those voxels within the abdomen with FP 50% and WP ≥ 40%. Morphological operations of dilation followed by erosion were then applied to close any boundary gaps. In step 3, ( Figure 2C ), the subcutaneous region was defined by subtracting the visceral region from the abdominal region. Finally, in step 4 ( Figure 2C ), the resulting visceral and subcutaneous regions were visually checked by the user and manually corrected if needed. Manual correction rates were tracked by classifying each image as requiring no correction, minor correction, or major correction. A minor correction was defined as VAT and SAT regions successfully recognized as independent regions, but requiring a small manual correction to an incorrectly identified region. A major correction was defined as an algorithm failure to identify a full fat region requiring complete manual definition.
Following visual confirmation of the pixels defined as VAT and SAT, the volume of each compartment was calculated. Any voxel with an in-phase image intensity ≥ 40 and FP ≥ 50% was defined as a fat voxel. The threshold on in-phase signal intensity was intended to prevent noise pixels from counting as fat. It eliminated voxels at the very low end of the signal intensity distribution representing <1% of all voxels in the SAT region, and <2% of all voxels in the VAT region. VAT and SAT volumes were calculated as the product of the number of fat voxels in each respective region, and the voxel volume (cc). VAT and SAT volumes were multiplied by an assumed constant adipose tissue density (0.92 g/cc) (18) to convert to mass (kg). The VAT/SAT ratio was also calculated for subsequent comparison with DXA.
Hepatic Fat Percentage MRI Measurement
The entire liver was included within the single breath-hold VARPRO scan and the images used to measure proton density hepatic fat fraction (23) (24) (25) . Fat fraction was measured in each of the 9 segments (26) of the liver by manually drawing ROIs in 3 slices defined by the anatomy. First, the hepatic portal vein (HPV) slice was defined as the slice separating the 5 superior segments from the 4 inferior segments, and the top half from bottom half of the liver. Then, the most superior and most inferior slices in which each liver segment was visible and free from significant artifact or blood vessels were identified and used for quantification.
ImageJ software (27) was used to draw circular ROIs (17.32 mm in diameter) in all segments at the most superior and inferior slices, the slice nearest the HPV, and the slice in between and equidistant to both, avoiding large blood vessels and visible image artifacts. Thus, 3 ROIs were drawn in each of the 9 liver segments. The 3 measurements in each segment were averaged over the height of the liver to measure segmental fat fraction, and then the measurements for the nine segments were averaged to provide a single liver fat fraction for each subject (28) .
Intra-and Interobserver Reproducibility
Five subjects were randomly chosen from each of the 2 cohorts to evaluate intra-and interobserver reproducibility of the MRI VAT quantification process. A single observer quantified the images from these 10 subjects on 2 separate occasions $8 months apart, and 2 observers independently quantified the same data sets blinded to the results of the other observer.
Statistical Analysis
Continuous variables were expressed as mean 6 SD. Measurements were compared using independent-sample t tests and univariate analysis of variance. Bland-Altman (29) analysis was used to evaluate agreement between MRI and DXA, and correlation plots were used to assess interchangeability. Two-way random intraclass correlation (ICC) was used to evaluate intraobserver repeatability and interobserver reproducibility. Statistical analysis was performed using SPSS Statistics version 24 (IBM Corp., New York, NY). Statistical significance was set (P < .05), a priori.
RESULTS
The need for manual correction of the MRI fat quantification results differed between the MetSyn and Control groups. In the MetSyn group, 65% of the images needed no correction and 35% required a minor correction, with none requiring major correction.
In the Control group, 60% of the images needed no correction, 33% required minor correction, and 7% required major correction. Correlation and Bland-Altman plots comparing DXA and MRI across all subjects are shown in Figure 3 . MRI and DXA VAT results were highly correlated and interchangeable in the MetSyn, Control, and combined cohorts ( Figure 3A) , although DXA showed a slight positive bias (þ0.064 kg) relative to MRI ( Figure 3B ). SAT results, on the other hand, were significantly different between the 2 modalities.
DXA SAT values showed a negative bias with respect to MRI in individuals with greater SAT mass ( Figure 3C and Figure 3D ). Although strongly correlated in the controls, the correlation between DXA and MRI SAT was surprisingly poor in MetSyn patients ( Figure 3C) . Consequently, DXA-derived VAT/SAT ratio (Figure 3 , E and F) was significantly higher than MRI-derived value in MetSyn patients (P = .005) and the combined group (P = .036). Both MRI and DXA were able to differentiate MetSyn patients from controls based on central adiposity (Figure 4 ). VAT and SAT measurements were significantly different between the 2 groups (P = .001). VAT/SAT ratio quantified by MRI was approximately 43% higher in MetSyn (0.72 6 0.31) than in controls (0.41 6 0.28; P = .003). VAT/SAT ratio quantified via DXA was also elevated in MetSyn (1.08 6 0.54) more than in controls (0.53 6 0.35; P = .001). MRI and DXA results were compared in each of the cohorts. VAT results from MRI and DXA were not significantly different for controls or MetSyn. VAT/SAT ratio by MRI and DXA did not differ in the controls (P = .116).
The results of reproducibility analysis of MRI VAT are provided in Table 3 . Intraobserver and interobserver standard error of the mean was approximately 0.4 kg. Absolute intraobserver mean difference was 0.07 kg, while interobserver absolute mean difference was 0.28 kg. Mean correlation coefficient was 0.99. Intraclass correlation coefficients for both intra-and interobserver comparisons indicate excellent reliability of measures >0.95 (30) .
Whole-body fat percentage measured by DXA was significantly higher in MetSyn (42.0% 6 8.1%) than in Control cohort (26.7% 6 6.9%; P = .001), and was moderately correlated (R = 0.575) with VAT measured via MRI. Liver fat fraction measured by MRI was significantly higher (P = .001) in MetSyn patients (12.4% 6 7.6%) than in controls (2.6% 6 2.2%). Liver fat also showed a strong positive correlation with MRI VAT (R = 0.778). Incidental findings ranging from hepatic steatosis to abdominal cysts and degenerative changes of the spine were detected on MRI scans in 14 / 16 (87.5%) of the MetSyn patients but in none of the Control group; three of these findings were deemed serious enough to warrant physician follow-up.
DISCUSSION
DXA is the most commonly used method of whole-body and abdominal fat quantification, and it has demonstrated utility in estimating VAT (7) . Although more costly than DXA, the accuracy of MRI body fat measurement is well-established (31), and aside from autopsy and cadaver studies, MRI and CT are considered as gold standards for adipose tissue quantification (16) . In this study we compared DXA fat quantification with an anatomically matched, semiautomated MRI measurement of abdominal VAT and SAT. DXA measurements of VAT have been shown previously to correlate with MRI in larger multiethnic cohorts (18) , and similar to the results of previous literature (17, 19) , our results indicate that anatomically-matched ROIs produce VAT measurements that are not only correlated but also interchangeable. This concordance was maintained across subjects with a wide range of VAT mass ranging from <1 kg to $4.5 kg.
There was, however, a significant difference between the two modalities in computed VAT/SAT ratios in the MetSyn cohort. Considering MRI as the reference standard, DXA underestimated SAT and therefore overestimated VAT/SAT ratio relative to MRI in subjects with high SAT. Careful review of the MRI images revealed 2 MetSyn cases in which SAT may have been slightly underestimated by MRI. In 1 participant, a small amount of SAT appeared to lie outside of the image FOV and was therefore unaccounted for; in another case, the fat-water separation algorithm failed, obscuring a portion of SAT in only a subset of slices in 1 subject. In both of these cases, however, the observed error would have led to an underestimation of SAT by MRI, and therefore, it did not contribute to the observed relative underestimation of SAT by DXA, which was perhaps due to the lack of uniformity in the layer thickness within the SAT depot. Previous research suggests that variability in SAT thickness is dependent upon anatomical location (32) , illustrating the need for crosssectional imaging for precise quantification of SAT. The relative distribution of fat expressed as VAT/SAT ratio has been shown to be related to increased cardiometabolic risk independent of total VAT or BMI (5). Kaess et al. (33) found that high VAT/SAT ratio is associated with MetSyn risk factors including low HDL concentration, high triglyceride concentration, and hypertension, when adjusted for total VAT. Our results suggest that DXA may be less accurate for SAT measurement in subjects with higher fat burden, and this should be considered when VAT/SAT ratio is of interest. All major corrections were required in the Control group and none in the MetSyn group; these were caused by failure of the algorithm to detect the SAT layer in thinner Control subjects. Despite the use of manual corrections, the MRI VAT measurements demonstrated excellent intra-and interobserver reproducibility. The average difference between intraobserver measurements was <0.1 kg, or <6%. The average interobserver difference was over 3-fold higher, indicating that training and familiarization may be important for consistency between technicians. Further investigation revealed that differences in the MRI slices included in the analysis by the 2 observers played a significant role in this variability. When matched such that the 2 observers analyzed the same number of slices, the percent difference dropped to approximately the intraobserver level (4.9%). Reproducibility was not measured for the DXA scans, which were performed only once and were automatically analyzed without operator interaction.
In a single breath-hold MRI scan, abdominal SAT, VAT, and liver fat fraction can all be quantified. DXA, on the other hand, is incapable of organ tissue fat fraction measurement. It has been previously shown that visceral fat deposition is directly correlated with liver inflammation and fibrosis and presents a central target for future interventions in nonalcoholic fatty liver disease (NAFLD) (34) . Elevated liver fat is also associated with increased risk of metabolic disease (35, 36) , cardiovascular disease (3, 37) , and certain cancers (37) . In our study cohort, participants with MetSyn were found to have, on average, a 6-fold higher liver fat percentage than Control participants and a strong positive correlation was found between liver fat fraction and VAT in the combined cohort.
DXA and MRI each have inherent advantages and disadvantages that may favor the use of one over the other depending on the application in research or clinical patient assessment (Figure 
5)
. Although MRI has enhanced diagnostic and organ fat capabilities, DXA is relatively low cost even when not covered by a third party or insurance. DXA imaging is increasingly used for body composition assessment in fitness centers, amateur and professional athletics, and some clinical scenarios (35) (36) (37) . DXA also provides bone mineral density information, although it exposes individuals to very-low-level radiation, similar to the amount one might experience during a cross-country flight (38) . DXA can provide a rapid, automated assessment of whole-body and visceral fat, but in our study, was less accurate for SAT and VAT/ SAT ratio. MRI fat quantification is better suited as an adjunct to clinical abdominal MRI examinations in patient populations in whom the breadth of diagnostic information provided can be helpful for directing therapy; this was evidenced by the high rate of incidental findings in the MetSyn cohort. The single breathhold VARPRO scan used in our study to measure VAT, SAT, and liver fat fraction takes about 20 seconds and is easily incorporated into a comprehensive abdominal imaging exam. Although DXA was shown in our study to provide an accurate assessment of VAT that matched MRI results, DXA does not provide the breadth of clinical information afforded by MRI.
Limitations
The data used for this study came from 2 separate trials; the MetSyn patients were scanned on a 3 T system and the controls on a 1.5 T system. The bore sizes were the same for these 2 systems (60 cm in diameter), and the fat-water separation techniques were equivalent; however, it is known that B0 and B1 field inhomogeneity is greater at a higher field. Although the use of intensity-based thresholds could have made the quantification algorithm sensitive to signal inhomogeneity, a review of the images and segmentation results showed no evidence of this, and a manual correction process was employed to minimize errors. A single estimated adipose tissue density (0.92 g/cc) (18) was used to compute fat mass from volume regardless of the fat depot; however, VAT and SAT density may differ owing to factors such as blood flow, endocrine function, and lipid turnover rate (38) , and this may also vary between individuals (39) . This variability may have introduced some error in converting fat volume to mass.
The term "VAT" as used in this study for both MRI and DXA measurements, and as commonly used in the literature, liberally included all abdominal fat that is not subcutaneous fat; however, this definition more accurately applies to IAAT (13, 14) . Although VAT is the largest component, IAAT also includes spinal, intraorgan, retroperitoneal, and intramuscular fat (13) , which have distinct physiological relevance. For example, it has been suggested that retroperitoneal fat has hormonal effects (40) and affects cardiometabolic health in humans (41) . DXA is based on 2-dimensional projection data (9) and has no potential to analyze the separate subcomponents of IAAT. MRI, on the other hand, offers the possibility of accurately subsectioning IAAT further to arrive at a true VAT measurement, although currently, this would require painstaking manual segmentation. It is not yet clear whether such further subclassification of IAAT subcomponents would be clinically relevant (42) or provide reliable, independent predictive information related to metabolic and cardiovascular disease risk.
DXA reproducibility was not analyzed. The software is nearly fully automatic and has been previously shown to be highly reproducible (43) ; therefore, we felt that additional measurement and associated radiation exposure to measure DXA reproducibility was not warranted.
This study compared DXA and MRI VAT and VAT/SAT ratio measured within an anatomically matched field of view in a cohort including Control subjects and MetSyn patients exhibiting a wide range of VAT volume. Our results showed VAT measured by DXA and MRI to be interchangeable, while VAT/SAT ratio measurements differed between the 2 modalities. DXA can play an important role in basic body composition analysis and may be used to assess responses to diet, training, and therapeutic interventions. Quantification of abdominal adipose tissue depots by MRI, on the other hand, can be easily incorporated into clinical imaging protocols in patients indicated for abdominal MRI and can simultaneously provide important assessment of liver fat fraction.
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